The kinetics of electrogenic events associated with the different steps of the light-induced proton pump of bacteriorhodopsin is well studied in a wide range of time scales by direct electric methods. However, the investigation of the fundamental primary charge translocation phenomena taking place in the functional energy conversion process of this protein, and in other biomolecular assemblies using light energy, has remained experimentally unfeasible because of the lack of proper detection technique operating in the 0.1-to 20-THz region. Here, we show that extending the concept of the familiar Hertzian dipole emission into the extreme spatial and temporal range of intramolecular polarization processes provides an alternative way to study ultrafast electrogenic events on naturally ordered biological systems. Applying a relatively simple experimental arrangement based on this idea, we were able to observe light-induced coherent terahertz radiation from bacteriorhodopsin with femtosecond time resolution. The detected terahertz signal was analyzed by numerical simulation in the framework of different models for the elementary polarization processes. It was found that the principal component of the terahertz emission can be well described by excited-state intramolecular electron transfer within the retinal chromophore. An additional slower process is attributed to the earliest phase of the proton pump, probably occurring by the redistribution of a H bond near the retinal. The correlated electron and proton translocation supports the concept, assigning a functional role to the light-induced sudden polarization in retinal proteins. coherent terahertz emission ͉ excited-state kinetics ͉ nonlinear spectroscopy ͉ sudden polarization ͉ ultrafast charge separation
T he general aim of the majority of terahertz spectroscopic studies is to characterize the response of a particular sample to an external radiation source in the previously uncovered 0.1-to 20-THz regime (1) . In contrast to this, in an emerging new branch of time-resolved terahertz emission experiments, the transient radiation is generated within the sample itself for monitoring the underlying ultrafast light-induced polarization processes. This method has been successfully applied in the study of carrier dynamics in bulk semiconductors, quantum nanostructures, superconductors (2) , and recently even in ordered molecular systems (3, 4) . Here, we report the observation of light-induced coherent terahertz radiation from a biological sample. It was found that the complex phenomenon of the correlated vectorial electron and proton translocation during the primary energy transduction process of bacteriorhodopsin (bR) is manifested in an experimentally detectable electromagnetic radiation in the terahertz region. We show that the emitted signal carries important kinetic information about these fundamental and previously unexplored processes. The experimental techniques and the evaluation methods introduced here can be applied as a protocol in further studies investigating light-driven charge transport phenomena in a broad range of other biological systems.
The overall light-induced proton translocation function of bR constitutes a complex sequence of electrogenic events spanning many decades of the time scale. The most direct way to study these processes is to measure the electrical signal arising from the intramolecular dipole moment change of oriented samples (5) (6) (7) (8) . Previous studies of this kind were carried out from the ''physiological'' time domain of microseconds to seconds (5) down to the range of several picoseconds (6) (7) (8) . They established a generally accepted model according to which a strict correlation exists between the time constants characteristic for the electrogenic events corresponding to the step-by-step motion of protons across the membrane and those for the photointermediates of bR (9) explored by spectroscopic methods. In these experiments the light-induced electrical signal was monitored by conventional electronic (5-7) and recently electro-optic sampling (EOS) methods (8) , with an inherent high-frequency limit of Ϸ100 GHz. This technical limit excluded the direct observation of the ultrafast charge translocation events taking place in the retinal chromophore and its proximity during the excited state and right after its relaxation. However, in both early (10) and recent literature (11) (12) (13) (14) (15) (16) , more and more evidence indicates that these initial polarization processes possess a functional role in triggering the isomerization of retinal and initiating the proton pump.
During its vertical Franck-Condon transition from the ground to the excited state, the retinal undergoes a large dipole moment change (17) (18) (19) . Molecular dynamics simulations (11) supported by photon echo and transient absorption measurements (12) revealed an inertial dielectric response of the protein occurring on the 50-to 100-fs time scale. bR samples reconstituted with synthetic retinal analogues showed a direct correlation between the existence of a large, sudden polarization in the chromophore and the occurrence of the photocycle (13) . The time evolution of the retinal polarization was followed indirectly by observing the transient absorption of the neighboring tryptophan residues (14, 15) , resulting in an unresolved component assigned to the Franck-Condon polarization and a second phase developed in Ϸ200 fs and attributed to the charge translocation along the conjugate chain. A more direct observation of the Franck-Condon polarization was carried out by the detection of the corresponding resonant optical rectification signal from bR in coherent infrared emission experiments (16, 19) . The sensitive heterodyne detection technique applied in those studies covered the extremely high 20-to 50-THz range, but still did not provide any information on the detailed kinetics of electron polarization in the retinal chromophore or on the primary events of the proton translocation.
Our approach to explore the electrogenic processes falling in the previously unfeasible range of several terahertz is essentially based on the concept of Hertzian dipole radiation. In this case the elementary dipoles correspond to the individual bR molecules, emitting electromagnetic radiation because of the ultrafast electron and proton translocation taking place on their excitation (Fig. 1A) . These elementary sources are coherently summed up and form a macroscopically observable terahertz signal because of (i) the natural assembling of bR molecules into a two-dimensional crystalline structure in the membrane (20) and (ii) the preparation of dried oriented purple membrane samples (see Materials and Methods).
Results and Discussion
The easiest way to demonstrate the existence of the expected terahertz radiation is to detect the electromagnetic field at a large distance from the source with the help of focusing optics. Our experimental setup realizing this concept is depicted in Fig. 1B . The light-induced coherent terahertz signal emitted by bR and observed in this very sensitive arrangement is presented in Fig. 2 . The signal detected in this way clearly demonstrates that the sampled electric field indeed corresponds to propagating electromagnetic radiation. This is in contrast to previously published EOS measurements (8) detecting a local, nonradiative field directly at the surface of oriented bR samples. The emitted signal spans the 0.1-to 3-THz range, as shown in Fig. 2 Inset. This range, the upper limit of which was determined by the time resolution of our experimental setup, fills an important part of the gap between the frequency regions accessible by electronic measuring techniques (5-7) and coherent infrared emission methods (16) . In a control experiment the sample was pumped at 775 nm where the absorption spectrum of bR vanishes. No terahertz emission was detected at this wavelength, indicating that the process responsible for the terahertz generation is directly related to the photoexcitation of the molecules.
Although it is ideal for the initial demonstration purposes discussed earlier, a terahertz detection arrangement involving focusing optics has several serious weaknesses. The largest problem is the difficulty of the exact simulation of the complex diffraction processes taking place during the propagation of the terahertz signal by the different components of the setup. This diffraction is manifested in not only the spatial but also the temporal transformation of the traveling signal (2, (21) (22) (23) . While in the near-field the radiated signal is proportional to the first derivative of the source polarization, traveling to the far-field in the free space it transforms to the second derivative. Applying a collimating and focusing pair of mirrors this transformation can be partially compensated (21, 23) ; hence, the shape of the signal shown in Fig. 2 resembles more the first than the second derivative. Because of their finite size, however, real mirrors cut the low-frequency components of the terahertz field (23) . This phenomenon is very undesirable in investigating slow polarization processes like those supposed to originate from the early phase of the functional proton translocation in bR. Moreover, the corresponding simulation would depend on many poorly defined parameters and one cannot expect a reliable analysis of the signal measured in this kind of setup. Another problem with this arrangement is that the pump beam focused into a small (Ϸ1-mm diameter) spot on the sample could cause unwanted nonlinearity in the excitation.
At the expense of lower sensitivity, all of the problems above can be substantially reduced by applying near-field observation with a moderately focused pump beam. In a near-field setup no focusing optics are required and ideally the observed signal is proportional to the first derivative of the polarization source, resulting in less suppression of the slow components. Fig. 3A demonstrates the terahertz signal from bR detected by our near-field arrangement (Fig. 1C) . Even with this simplified observation scheme the relation of the elementary intramolecular polarization field to the detected signal is still complex and its evaluation requires numerical simulation (22, 23) . The details of our simulation procedure based on the models for the elementary polarization described below are presented in the supporting information (SI) Text .
Model I: Nonresonant Optical Rectification. The most plausible model for the terahertz emission from bR is optical rectification. This fundamental second-order phenomenon is widely used for the explanation of terahertz radiation from solid-state samples (2, 24) and was suggested as the underlying mechanism of the coherent infrared emission recently observed on bR (16) . In the simplest, nonresonant case of optical rectification the elementary intramolecular polarization obeys the envelope of the exciting laser pulse (24) . As explained below, however, our experiment was carried out under resonant conditions, where this simple relation does not hold. Indeed, our simulation indicates (Fig. 3A , gray line) that the nonresonant optical rectification model is absolutely inconsistent with the complex waveform of the observed signal. This result agrees perfectly with the experimentally observed lack of terahertz emission when the sample was pumped at the nonresonant wavelength of 775 nm.
Model II: Intramolecular Electron Transfer (Resonant Optical Rectification
). An alternative mechanism leading to terahertz radiation is excited-state intramolecular electron transfer, demonstrated recently on macroscopically oriented organic dyes, undergoing a large dipole moment change on excitation (3, 4) . In the case of bR, such a light-induced sudden polarization indeed takes place in the retinal chromophore (17, 18) . On the basis of fundamental theory of nonlinear optics (25) , the complete process of the creation and the relaxation of this excited-state polarization can be considered as a resonant extension of optical rectification. Although the time evolution of the intramolecular polarization generated by a nonresonant pump pulse depends only on the parameters of the pump itself, under resonance it holds detailed information also about the kinetics of the excited-state electron redistribution processes (16) .
Previous coherent infrared experiments (16, 19) carried out with a pump pulse of Ϸ10-fs duration demonstrated the phenomenon of optical rectification on bR, together with a long-lasting multimodal oscillation process. However, applying a detection technique optimal in the midinfrared range but having a sharp low-frequency cutoff at Ϸ20 THz, these experiments could follow mainly the instantaneous rise, but not the decay of the excited state, and did not provide the above extra information available by resonant pumping. In contrast to that, the experimental approach described here allows the observation of the actual time evolution corresponding to the excited-state electron polarization (although, at present, with lower time resolution). Because the extremely broad absorption spectrum of bR spans the whole visible range (26) , pumping at any wavelength in this region induces resonant processes. To obtain intense radiation, in our experiment the sample was pumped at the absorption maximum.
In a native bR sample a pure electronic intramolecular polarization process corresponding to the excited-state charge redistribution in the retinal chromophore can be adequately described by a vertical Franck-Condon rise and a single exponential decay of 1 ϭ 500 fs (27, 28) . This simplified description supposes a two-state model and neglects the details of the excited-state dynamics such as wavepacket motion, in-plane stretching, and isomerization, observed in many experiments and analyzed with the help of two-state and three-state models (29, 30) . All of these events can contribute to the fine details of the excited-state polarization as observed in the appearance of a Ϸ200-fs component in the recent tryptophan transient absorption measurements (14, 15) and the long-lived coherent oscillation detected in IR emission experiments (16) . The result of a simulation based on the simplified polarization model above (Fig. 3A, blue line) reproduces the main features of the experimental curve, indicating that the major component of the terahertz emission can be clearly attributed to the excited-state electron polarization of the retinal.
The experimental terahertz signal contains a small, but well defined, slow negative component (after 4 ps in Fig. 3A) . The appearance of this component cannot be expected in the framework of the model above. As a result of nonexact near-field observation, such a negative phase could take place by a partial temporal transformation of the signal via a diffraction process during its travel in space (see SI Text). Indeed, a small, slow negative component also appears in the simulated curve, but its extent is considerably less than that in the experimental one (see Fig. 3A Inset) . Hence, the analysis of the observed signal is challenged by the problem to attribute this difference to the uncertainties in the simulation of the exact experimental conditions or to the existence of a real polarization process of slow kinetics and negative amplitude.
To overcome this difficulty, we repeated the experiments with the acid blue form of bR, which has a much longer excited-state lifetime than its native counterpart (31, 32) . The detected experimental terahertz signal and the corresponding simulation curves are presented in Fig. 3B . As a result of the prolonged kinetics, the slow negative phase in the terahertz signal emitted by the acid blue sample is shifted toward longer times and somewhat reduced in amplitude. In contrast to the native bR, the acid blue form decays by a biexponential process with characteristic time constants of 11 ϭ 1.7 ps and 12 ϭ 18 ps with an amplitude ratio of a 11 :a 12 ϭ 1:0.3 (31, 32) . Calculating with these kinetic parameters (listed also in Table 1 ) results in an almost completely positive simulated curve (Fig.  3B , blue line) with a striking difference from the experimental one (see Fig. 3B Inset) . This clearly indicates that the appearance of the slow negative phase observed with both samples cannot be explained by this model. The model therefore has to be extended by taking into account an additional polarization mechanism.
Model III: Correlated Electron and Proton Transfer. Whereas the majority of the terahertz radiation observed on different materials has been generated by some kind of electron motion (1, 2), the translocation of any charged particle can be the source of such a radiation, provided that its motion is ordered and the particle is accelerated on a macroscopic scale. It is reasonable to assume, that the excited-state electron polarization analyzed in model II acts as a driving force for the primary phase of the functional proton pump, the kinetics of which correlates with that of the early intermediates of the bR photocycle. According to the generally accepted scheme (29) the majority of the excited molecules decays to the J intermediate. The next step of the photocycle is the formation of the K intermediate, which can be described by exponential kinetics with a time constant ( 2 ) of 3 and 6 ps for the native and the acid blue form, respectively (31, 32) . If these kinetics are associated with a jump of protons from one metastable position to another, as indicated by previous direct electric measurements (6) (7) (8) , on a macroscopic scale this corresponds to an accelerated proton current, leading to terahertz emission. This component of the emission can be associated with the slow phase observed in our signal. In an energetically favored scheme the proton moves in the same direction as the electron does, explaining the opposite (in our notation negative) amplitude of this phase.
The total polarization response of the sample, including both electron and proton transfer, can be described as
where n ϭ 1 for the native and n ϭ 2 for the acid blue form of bR and (t) is the Heaviside step function (see SI Text for the detailed derivation of this formula). Simulating the terahertz radiation of the native bR sample with this polarization model (Fig. 3A , red line) results in a considerable improvement of the fit over that of model II. The parameters of the simulation are listed in Table 1 , a 2 and c were determined from the best fit; all of the others were taken from the literature. The improvement is even more pronounced in the case of the acid blue sample (Fig.  3B , red line), where this model completely reproduces the slow negative phase and makes the fit considerably better also in the positive region. Hence, we attribute the slow negative phase to the primary step of the proton pump. The amplitudes and the additive constant in Eq. 1 are related to the polarization changes taking place in the excited state and in the J and K intermediates. As described in Eqs. 11-13 of the SI Text, for native bR these relations are simple; hence, theoretically, the polarization changes could be calculated from the fitting parameters. However, in practice, because of the derivative relationship between the molecular polarization and the terahertz signal and the moderate signal-to-noise ratio for the slow negative component, the quality of the fit with our dataset was mainly sensitive to the sum of a 2 and c, leaving the individual values of these parameters uncertain within a wide range. According to Eqs. 12 and 13 in SI Text, for native bR this sum corresponds to the polarization of the J intermediate relative to the bR ground state. In the absence of a detailed reaction scheme, for the acid blue form no such perfect assignment can be made, but clearly the above sum is related to the proton movement. As shown in Table 1 , the value of a 2 ϩ c (relative to a 11 ) is Ϫ0.2 for the native and Ϫ0.8 for the acid blue sample, respectively. The negative sign is in accordance with a unidirectional electron and proton movement (in the component perpendicular to the membrane.) The lower value of the relative amplitude for native bR is in full agreement with the fact that in this sample the formation time of the K intermediate of 3 ps is identical to the excited-state lifetime of a by-product that contains 13-cis retinal and tends to accumulate in dry samples on illumination (32) . Hence, the contribution to the terahertz signal by the proton translocation originating from the main bR form and the electron polarization from the by-product could partially cancel each other. In the case of the acid blue form of bR such an unfortunate coincidence does not exist, as manifested in the higher relative weight of the fitted proton contribution.
High-resolution structural studies indicate that a chain of H bonds formed by amino acid residues and intraprotein water molecules plays a substantial role in the proton-pumping mechanism of bR (33) . We suggest that some of these H bonds located nearby the retinal chromophore can be perturbed by the lightinduced sudden polarization inside the chromophore, leading to an initial proton translocation process. The most likely candidate participating in this mechanism is the closest H bond between the Lys-216 residue and the W402 water molecule (Fig. 1 A) . This model is supported by a recent x-ray diffraction experiment carried out on a K-like intermediate stabilized at low temperature (34) . It was found that this bond was indeed highly disturbed compared with the equilibrium structure of bR.
Because the shape of the terahertz signal and the intramolecular polarization are not directly related, in Fig. 4 we plotted the time evolution of the polarization itself simulated in the framework of the three models above. These curves represent the molecular response to the 100-fs pump pulse. Throughout the simulation it Table 1 for the kinetic parameters used in the simulation.
was assumed that this response is linear. In a recent detailed study on linearity (30) it was found that the kinetics of the bR excited state is independent of the pump intensity provided that the excitation density (defined as the product of the absorption cross-section of the sample and the photon density) is Ͻ0.3 and the peak intensity of the pump is Ͻ10 10 W cm Ϫ2 . The corresponding values in our near-field arrangements were 0.03 and 5 ϫ 10 8 W cm Ϫ2 , respectively, highly justifying the assumption of linearity. To avoid confusion, we stress that the term of linearity is used correctly only in the context above, i.e., to express that the functional molecular polarization, and consequently the directly measured electric field strength of the terahertz radiation, depends linearly on the pump intensity. However, this means that the intensity of the terahertz emission is proportional to the square of the pump intensity, which in the terminology of optics corresponds to a second-order process. This is completely in accordance with the description of the electron polarization as resonant optical rectification, and formally, the proton translocation could be also treated in a similar manner.
The aim of the numerical simulations carried out at the initial state of our study was to show that the observed terahertz emission is consistent with the kinetics of the fundamental ultrafast processes taking place in bR. For this reason, although our simulation included many kinetic and optical parameters (see SI Text), the majority of them were fixed to reasonable published values, and beyond the scale and location, only the weights of the proton polarization were free-fitting parameters. Under these circumstances the applied simulation excellently reproduced the observed terahertz emission. We emphasize, however, that with improved experimental techniques leading to better quality of data, one can test more sophisticated polarization models with the protocol outlined here. For example, the small, but significant, difference between the observed and the simulated signal in the time difference between the main negative and positive peak could be an indication of a more complex electron translocation process accompanying the population of the excited state. This is in accordance with the observation of Schenkl et al. (14, 15) , who reported the appearance of a second phase in the polarization evolving in Ϸ200 fs after the Franck-Condon process in their tryptophan transient absorption measurements. A more detailed study of the two phases above, as well as other neglected events of the excitedstate dynamics mentioned in the description of model II, requires increasing the time resolution of our measuring apparatus by applying sub-100-fs pump and probe pulses.
In conclusion, we have shown that the time-resolved measurement of light-induced terahertz radiation is a very effective technique to gain previously unavailable direct information about the mechanism of primary charge translocation in bR. We believe that the method is applicable to a broad range of other ordered biomolecular assemblies using light energy, such as the increasing number of retinal proteins discovered and the numerous variants of photosynthetic systems. In the case of bR, in particular, it was demonstrated that the excited-state electron transfer inside the retinal chromophore and the primary events of proton transfer together form a correlated sequence of intramolecular polarization processes leading to the generation of the coherent terahertz emission. Our result confirms the emerging idea that such an electron polarization has a functional role in the initiation of the subsequent proton pump. From the point of view of fundamental energy conversion mechanisms, this corresponds to the extension of Mitchell's chemiosmotic theory (35) from the territory of quasielectrostatics to that of ultrafast electrodynamics.
Materials and Methods
Purple membranes of Halobacterium salinarum prepared by standard methods were macroscopically oriented and deposited by electric field on a glass substrate covered by an indium-tin-dioxide thin layer as described in ref. 5 . After drying, this procedure resulted in a sample thickness of Ϸ5 m, corresponding to Ϸ1,000 membrane layers. To obtain the acid blue form of bR the dried samples were rinsed for 2 min first in distilled water, then in H 2SO4 of pH ϭ 0.5, washed by deionized water, and dried again.
The samples were excited by a noncollinearly phase-matched optical parametric amplifier (NOPA) pumped by the pulses of a 1-kHz Ti:sapphire amplifier (CPA 2001; Clark-MXR) tuned to 570 nm and compressed to a 100-fs pulse duration. Because of the symmetry of the sample only the dipole moment change perpendicular to the membranes could be observed (Fig. 1 A) . Because the corresponding radiation is zero in this direction, the exciting beam reached the sample surface at 45°(from the side of the glass substrate to avoid degradation of the terahertz signal by passing through it).
The terahertz radiation was detected by electro-optic sampling (EOS) in a 0.4-mm-thick ͗110͘-oriented ZnTe crystal (36) . To avoid side effects on the crystal, the pump beam passed through the sample was blocked by a Teflon window, transparent at terahertz frequencies. The ZnTe crystal was, in addition, illuminated by a probe pulse provided by a small fraction of the Ti:sapphire amplifier output (775 nm, pulse length 225 fs). The field-induced birefringence acting on the probe beam was detected by a combination of a /4 plate, a Rochon-prism, and a pair of balanced photodiodes. The temporal evolution of the terahertz electric field was sampled by the variation of the time delay between the pump and probe pulses.
To obtain high-quality detection at a large distance from the source (Fig. 1B) , the terahertz radiation generated in the sample was projected onto the EOS crystal in a 4:1 ratio by a pair of off-axis parabolic gold mirrors (focal length, 100 and 25 mm). The total distance between the creation and the observation of the radiation was Ϸ150 mm. In this arrangement, the probe beam was combined to travel collinearly with the terahertz beam through a thin pellicle. In the other setup built for near-field observation, the EOS crystal was positioned immediately behind the sample (Fig. 1C) . Because of the constraint of the 45°arrangement, the actual average distance of detection was Ϸ5 mm. In this case the probe pulse illuminated the EOS crystal from its back side and the reflected beam was detected. To avoid damaging and nonlinear response of the bR film by the 5-J pulse energy of the pump and to fulfill the criteria of near-field detection, the diameter of the illuminated spot on the sample surface was kept large (Ϸ3.5 mm). In this arrangement the EOS crystal was protected from the pump beam by a thin black PVC film.
In a control experiment carried out in the sensitive double-parabolic-mirror setup the sample was pumped directly by part of the 775-nm pulse of the Ti:sapphire laser. Because at this wavelength bR has practically no absorption, in this measurement the pulse energy of the pump could be increased to 20 J without causing any photodamage. This further increased the effective detection sensitivity for any possible terahertz signal generated in the sample.
Because the signals detected both in the near-field and at a large distance do not carry any valid kinetic information Ͼ4 THz, all of the presented traces were frequency-filtered above this value.
To exclude possible artifacts we repeated the terahertz generation procedure by exposing the indium-tin-dioxide electrode to the exciting beam both without any and with unoriented bR sample on it. These control experiments resulted in no detectable signal beyond the noise level.
The details of the simulation procedure applied for the evaluation of the observed terahertz signals are presented in SI Text.
